1 Method and Apparatus for Measuring Attitude FIELD OF INVENTION The present invention relates to
the field of sensors. In particular, the invention relates to a method and apparatus for sensing attitude in
relation to navigation systems and the like. In one form, the invention relates to a method and apparatus
providing a combination of gyroscopic and magnetometric measurement for attitude sensing. It will be
convenient to hereinafter describe the invention in relatipn to the use of a gyroscope and a
magnetometer to provide attitude sensing for example in aircraft, however it should be appreciated that
the present invention is not limited to that use, only. BACKGROUND OF THE INVENTION Conventional
attitude sensors include magnetiaethadard Apramtys fomMeasaring MiitHgeetic compasses utilize

the earth's magnetic field and a 2-dimensional magnetic sensor to measure the azimuth angle in the
horizontal plane. A drawback of this known art is that they cannot provide accurate measurement of
azimuth in the case of non-zero pitch and roll angles. More accurate magnetic sensors comprise a 3-axis
magnetic senso ﬁ'r??eggum% nsional earth's magnetic field and a set of tilt sensors to measure

the pitch and roll angleg, T e ILSEASALHHBAY RRRISCIPIAE HERPRTUS NI BE BateulR Ahe

accelerometers to measure the gravity vector. However, both types of tilt sensors are subject to large
errors in case offtrandiaBnetasoto s vidhes endimpparapisdes ssntindeatitide it seladions Hso have

inherent limitations, s A8 B O SIhalied A 1arpeRIrdnPNYRBURDELEYIP CMBSTSES Higimbaled

gyroscopes to provide attitude information with respect to a static coordinate system. The drawbacks of 2
conventional gyRh€o@ipRaLiysndNieddidcmsieni8indtimbale O WRIEANHC 1a7G6 JReeiameirtost. Rate

gyros have beepused logRMErMHRLN SBASRIG. OIPIRMId: HIBh EHP IO MR BinEiR INGEURlibe

measurement unit (IMU) may comprise 3 orthogonally mounted accelerometers and 3 orthogonally
mounted gyros fbep'r@mgign in relation to the use of a gyroscope and a magnetometer to provide

10 attitude sensing for example in aircraft, however it should be appreciated that the

present invention is not limited to that use, only.

BACKGROUND OF THE INVENTION

Conventional attitude sensors include magnetic compasses and gyro
15 compasses. Many magnetic compasses utilize the earth’s magnetic field and a
2-dimensional magnetic sensor to measure the azimuth angle in the horizontal
plane. A drawback of this known art is that they cannot provide accurate
measurement of azimuth in the case of non-zero pitch and roll angles. More
accurate magnetic sensors comprise a 3-axis magnetic sensor to measure the 3-
20 dimensional earth’s magnetic field and a set of tilt sensors to measure the pitch
and roll angles. The tilt sensors may be electrolyte tilt sensors or may be made
up of accelerometers to measure the gravity vector. However, both types of tilt
sensors are subject to large errors in case of transitions of motions. Moreover,
the compasses using electrolyte tilt sensors also have inherent limitations such

25 as the slosh effect and large lag.
Conventional gyro compasses use gimbaled gyroscopes to provide

attitude information with respect to a static coordinate system. The drawbacks of



dimensional acceleration and angular rate measurements. These measurements may then be used to
generate 3-dimensional position, velocity and attitude information through inertial navigation processing.
However, the accuracy of the attitude information will degrade with time due to the drift, scale factors and
other error sources of the gyros and accelerometers. Magnetic sensors have been combined with rate
gyros and other sensors to improve the accuracy. Examples are in US Patent No 5,645,077 to Foxlin. In
US Patent No 6,480,152 to Lin an earth magnetic field detector is mixed with a GPS (Global Positioning
System) and IMU to provide accurate position, velocity and attitude information. In these methods, the
magnetic measGRINMEAHORAI WG GAMRRSSRECH S eolhestpnapiexibr &fighabi edesyRIRMBs MGt s are
processed to gef)gEas deigiRWRgle. Then, this yaw angle is fed to a sensor fusion filter to generate
compensation parameters. The inventor has identified that such methods neglect an important feature of
the earth magnetic fielRate. oieS/ BAKGPSRIY NSRS fegethRmyith isthRhSSNPREREHPreHIda PO in that

only the magnefi¢sRASAbACEHRLGHe B ﬂé@%&fﬁ@ﬂ'ﬂ@ﬁmIW?%&FWP%eW%dESﬁ@W“'
i

magnetic field intensity and this may result in relatively larger attitude estimation errors. The inventor has
also identified tHEFEIRHNGHERIRARIASLErfie FRLg Rt égﬂﬁ%@%s naesniefz OwiasedRn BrAMdRetk field

and a 2-dimensiqrl fBRANE HCEBRTANEN BRATHE RS AREWE30ekeBihe hornabaknemmBaashave the
drawback that they cannot provide accurate or even correct azimuth in case of non-zero pitch and roll

angles. Both tydB8¥%ftieeR8orsRthy®IsNSEiE Srligrensional raskions nveleribhLhrnitidide Also,
compasses usingfelaeiiinienit semsesstieNaidueidnsre s Ssmigliqnsseidratib e fesacsiieckrnd large

lag. Overall, the 3 inventor has identified that conventional gyro compasses may include the complexity
of a gimbaled stéH{adnierazdonnMihepasade wWith gt ibisoelifhaiRleiantes argksaiher

knowledge|ip thisrrepeeiliFedionistieyirssiarPiRiBelBrorReisrs. of Mgy uves khdb N PididenpbBR taken
as an admission that any of the material forms a part of the prior art base or the common general

knowledge in theYRRINGS Withrr iR GAFRPAHA LRI RFBSBIS SP HRtere vt &S BREy @ oF S Sosure
and claims herejfje in US Patent No 5,645,077 to Foxlin. In US Patent No 6,480,152 to Lin an

earth magnetic field detector is mixed with a GPS (Global Positioning System)
and IMU to provide accurate position, velocity and attitude information. In these
15 methods, the magnetic measurements together with the pitch and roll estimates
provided by the inertial sensors are processed to generate the yaw angle. Then,
this yaw angle is fed to a sensor fusion filter to generate compensation
parameters. The inventor has identified that such methods neglect an important
feature of the earth magnetic field, i.e., the vertical magnetic field intensity is
20 almost invariant. This is shown in that only the magnetic sensor generated yaw
angle is fed into the sensor fusion filter, but not the vertical magnetic field
intensity and this may result in relatively larger attitude estimation errors. The
inventor has also identified the following limitations. The magnetic compasses
that utilize the earth’s magnetic field and a 2-dimensional magnetic sensor to
25 measure the azimuth angle in the horizontal plane, may have the drawback that
they cannot provide accurate or even correct azimuth in case of non-zero pitch
and roll angles. Both types of tilt sensors may be subject to large errors in case
of transitions of motions. Also, compasses using electrolyte tilt sensors may

have inherent limitations such as the slosh effect and large lag. Overall, the



An object of the present invention is to provide accurate attitude estimates in a useful and convenient
form. A further object of the present invention is to alleviate at least one disadvantage that may be
associated with the prior art. SUMMARY OF THE INVENTION The present invention provides a method
of determining an estimate of attitude with respect to a fixed reference frame, the method comprising the
steps of: generating angles estimates comprising at leas§ a pitch angle estimate, a roll angle estimate
and a yaw angle estimate from measurements of a gyroscopic sensor means; calculating a heading
estimate from data comprising measurements of a magnetic sensor means and the pitch and roll angle

estimates generfB¥aNsf thasgyessiiisd stimocavaniona; 8yt [APRA§EES patahdftGIdetHBe
generated anglg ssipnaley flAkhI6arepERing 18 diferedite nhiesdiculated heading estimate

based on the measureménts of the magnetic sensor means and the heading estimate based on the
measurements of the dyP¥scprUSEIRSr Phe SRSUMMRNIE.b)dSYIBRYenBE!Sf QF dstipvdRderthin vdhigal

magnetic field indsasifi: Aasets MNaBUSBRNRPIHRCHRESIE BT 88TV SREBAS ANdH¥URFHEERA true

vertical ma%netic field intensity. Preferably, the estimated true vertical magnetic field intensity is derived
from an initializ486AMRu R AoFefesidilhieaik bk thRgAg Ry RIRneR th IR LESfiRARRPSIgnal

parameters of the galcukHRAdIPadnsal RAGWRAGE RSHIRAEISVaNCARMISSIY¥) BF B 2&IBu &imate,

or ayaw angle estimate. In a preferred embodiment, the method further comprises the step of

compensating ofie 9 RedpEsoihe piirigedataetitip glis eograandai@ims herein.

An object of the present invention is to provide accurate attitude estimates
in a useful and convenient form.
10 A further object of the present invention is to alleviate at least one

disadvantage that may be associated with the prior art.

SUMMARY OF THE INVENTION

The present invention provides a method of determining an estimate of

15 attitude with respect to a fixed reference frame, the method comprising the steps
of:

generating angles estimates comprising at least a pitch angle estimate, a
roll angle estimate and a yaw angle estimate from measurements of a gyroscopic
sensor means;

20 calculating a heading estimate from data comprising measurements of a
magnetic sensor means and the pitch and roll angle estimates generated by the
gyroscopic sensor means, and;

estimating signal parameters of the generated angle estimates from data
comprising:

25 a) a difference of the calculated heading estimate based on the
measurements of the magnetic sensor means and the heading estimate based

on the measurements of the gyroscopic sensor means, and;



b) the calculated heading estimate with the estimated signal parameters. Further the estimated signal
parameters may comprise error parameter estimates of the measurements from the gyroscopic sensor
means and the magnetic sensor means. The generated angle estimates may comprise a roll angle
estimate, a pitch angle estimate and a yaw angle estimate. The calculated heading estimate based on
magnetic sensor means comprises a calculated yaw angle. In a preferred embodiment, the step of
estimating signal parameters comprises performing a Kalman filter operation on a numerical difference
signal of the calculated heading estimate based on ma%:letic sensor measurements and the generated

heading estimate based) chdiffesepsgiekanstimaie nbentertisaemregnetic talthiotensityPasedmay be
used to performdRis e /BraeRit & g8 ifie/ SRIRDPFANISISS ARBARTESIRABRIEdiROripiRHNe an

estimate of attitude with respect to a fixed reference frame, said apparatus including: 5 processor means
adapted to operA@dnaitccBeihHHENSilY-a predetermined instruction set, said apparatus, in conjunction

with said instruction seprBripsbArapie L Rimatéy THieBRIEaAdAsGHeHO SRIN GiRIASIF VSt dariaer aspect

the invention provides a computer program product including: a computer usable medium having
computer readaliRhashRitREERECANMOSs o uter readable system code embodied on said medium for

determining an  estimate gt Ay dewiidgspreesiprafingdraleranse raamspniBiR siftangrarisaing
system, said computer Program product including: computer readable code within said computer usable
medium for perRHRAMGETE RidhtoaicuinderhbeadiBtin The present invention relates to the method and

in its embodiments to “Fﬁe%@fr?g‘ﬁ@?%‘éi@ﬂﬂb?tﬁw FENSHS Sy AP BB g%fﬁﬁé@gdﬁ%wmeters
that can measure the 3-dimensional angular rate and the 3-dimensional earth's
angle estimate.

10 In a preferred embodiment, the method further comprises the step of
compensating one or more of:

a) the generated angle estimates; and

b) the calculated heading estimate

with the estimated signal parameters.

15 Further the estimated signal parameters may comprise error parameter
estimates of the measurements from the gyroscopic sensor means and the
magnetic sensor means. The generated angle estimates may comprise a roll
angle estimate, a pitch angle estimate and a yaw angle estimate. The calculated
heading estimate based on magnetic sensor means comprises a calculated yaw

20 angle.

In a preferred embodiment, the step of estimating signal parameters
comprises performing a Kalman filter operation on a numerical difference signal
of the calculated heading estimate based on magnetic sensor measurements
and the generated heading estimate based on gyroscopic sensor measurements.

25 Alternatively, an information filter may be used to perform this step.

In another aspect the invention provides apparatus adapted to determine
an estimate of attitude with respect to a fixed reference frame, said apparatus

including:



magnetic field. The proposed method and apparatus makes use of the earth magnetic information and
improves attitude accuracy. Other aspects and preferred aspects are disclosed in the specification and/or
defined in the appended claims, forming a part of the description of the invention. In essence, the present
invention stems from the realization that use of a vertical magnetic field estimate for attitude
determination provides a greater level of accuracy and grror control in particular in combination with gyro
and magnetic measurements. The present invention has been found to result in a number of
advantages, such as for example the following. 1. High accuracy. The proposed method of integrating
gyros and magnetic sGhQ6eS%AN TasosaHRPiatitRIORR@IRY aF¢REIIRCEINERFoREddatRNNgSparatus
compared to gy[Q<@Rf¥tRInnaagnetic sensor only attitude sensors. 2. Self-contained. The subject
apparatus does not need external aids or to send out signals to the external world in order to obtain the
attitude information of 8Rc3RRA AUl LAYHIASEXDWRHr8aIh RFGHARN ephpBsits aflapieseto

development of {erdENR tRtABIPAY deMSe@isepyips have been developed and used in various

applications. The availability of MEMS gyros can ensure that the present invention will have the following
advantages? 4. Compaetigtsinother aRassiviICcHHEIHIBN I O8idssia SRRRPUtRE Pregedmaposittis does
not contain movikgluBfEs that makes the system simpler to develop and more reliable. 7. Low-cost.

Further scope of applicability of the present invention will become
a computer usable medium having computer readable program code and

computer readable system code embodied on said medium for determining an
estimate of attitude with respect to a fixed reference frame within a data
10 processing system, said computer program product including:

computer readable code within said computer usable medium for
performing the method as disclosed herein

The present invention relates to the method and in its embodiments to the
use of 3-dimensional attitude sensors by combining gyros and magnetometers

15 that can measure the 3-dimensional angular rate and the 3-dimensional earth’s
magnetic field.

The proposed method and apparatus makes use of the earth magnetic
information and improves attitude accuracy.

Other aspects and preferred aspects are disclosed in the specification

20 and/or defined in the appended claims, forming a part of the description of the
invention.

In essence, the present invention stems from the realization that use of a
vertical magnetic field estimate for attitude determination provides a greater level
of accuracy and error control in particular in combination with gyro and magnetic

25 measurements.

The present invention has been found to result in a number of
advantages, such as for example the following.

1. High accuracy. The proposed method of integrating gyros

and magnetic sensors will improve the attitude accuracy of the 3-



apparent from the detailed description given hereinafter. However, it should be understood that the
detailed description and specific examples, while indicating preferred embodiments of the invention, are
given by way of illustration only, since various changes and modifications within the spirit and scope of
the invention will become apparent to those skilled in the art from this detailed description. BRIEF
DESCRIPTION OF THE DRAWINGS Further disclosureg objects, advantages and aspects of the present
application may be better understood by those skilled in the relevant art by reference to the following
description of preferred embodiments taken in conjunction with the accompanying drawings, which are
given by way of illustr&iioeoriRnaretitidespepriatHat SavPer ekt @Y MY fiBIRHIRIIThSRARY: 7
Figure 1 is a functionalpockifiggeasa i @gombinational gyroscopic and magnetic sensor integrated in
accordance with an embodiment of the present invention wherein the heading is with respect to the
magnetic north. Figure 2 is a Block d&) ineddimdiGoriRiaftRPeaRaBISsydRas that MEREs use of

a combination of gyroseiithandigRaenflis &S T8 dyRSEOtHaRE e B aN oM HRIEAL BB tiRSeNt

invention. Fciﬁg)ure 3 is functional block diagram of an architecture for a 3-axis magnetometer and 3-axis
gyroscope combinatiothfl alitereainteration ofibe eaFsdiment of the present invention wherein the

heading is determined with respect fg, bR W OERPRIRRNE RAEhEECERMTRAegNagnetic north.
Figure 4 is a functional block diagram of an architecture for a 3-axis maginetometer and 3-axis gyroscope

combination in accordanc¥\ifintder dexsiprmeniosbithenMEME drednidingientfeMimdrin ¥ PRading is

determined with reggget 5@8#%@9&6@595@9@@58: MOYBRUSPRSSREhID RIS BQHIMbIRETALED
DESCRIPTION OF THE INVENTION With reference to figure 1 there is shown a block diagram of the
processing moduleMeMs c8YBh &Aoh 1R B8t anaTRR eV eBHRBr¥il baveothetdafamdngtitude

estimates ifpaccordaggnygifean embodiment of the

4. Compact in size.
5. Low power consumption.
6. Solid state. The present apparatus does not contain moving

parts that makes the system simpler to develop and more reliable.

15 7. Low-cost.

Further scope of applicability of the present invention will become
apparent from the detailed description given hereinafter. However, it should be
understood that the detailed description and specific examples, while indicating

20 preferred embodiments of the invention, are given by way of illustration only,
since various changes and modifications within the spirit and scope of the
invention will become apparent to those skilled in the art from this detailed

description.

BRIEF DESCRIPTION OF THE DRAWINGS

25 Further disclosure, objects, advantages and aspects of the present
application may be better understood by those skilled in the relevant art by
reference to the following description of preferred embodiments taken in
conjunction with the accompanying drawings, which are given by way of

illustration only, and thus are not limitative of the present invention, and in which:



invention. In general, an integrated gyro/magnetic sensor or gyro/magnetometer are used to combine
raw measurements from a 3-axis rate gyro and a 3-axis magnetic sensor to improve the accuracy of an
estimated 3-dimensional attitude information compared to conventional magnetic compasses. Further,
embodiments of the invention reduce the size, power consumption, and cost compared to conventional
gyro compasses. This method and apparatus also imprgves the attitude accuracy compared to previous
integrated systems that may use gyros and magnetic sensors. 8 Background to Operation of Magnetic
Sensors (Magnetometers) for Attitude Sensing The earth's magnetic field intensity is about 0.5 to 0.6
gauss and has a compd@iéit pafafeflipchienchitesk fagemLlatvegnbniato ral S eragpisiandorth.

This is the basis,{gp A #BAgEIS GARBBRIRSS il NSRBI IRBICHIC EMBISARERMENtYE GiresaRY be

defined as - m=[mx my mz ]T and the pitch and roll angles as 0 and cp, respectively. Denote the
magnetic field intMeSHPTHh WhEFRIR ABAtBeadHgifadteyQepechdathemAgnalitNpriinich can be written as

Hx cos 0 sin0sinO sinOesitta islabldkk A8 ofi8 IRIMerdforinBFRRSEEhEsP Sraemhmiat

mxcos0+mysin0sin0+mZsin0cos0 %cos. O -mZ sin O -mxsin0+mycos0sin0+mcos0cos0 The azimuth
with respectto thakesghediOharerapitrtien Qi SEeIRPIy A MasRato-PRNFHRGERECAHEERERC poles

and its a>§is of re{HosasmBBLhEIf SRRE [He’erfRR&teration. They are about 11.5 rotation from each
other. This Figure 3 is functional block diagram of an architecture for a 3-axis
magnetometer and 3-axis gyroscope combination in accordance with another
embodiment of the present invention wherein the heading is determined with
10 respect to true north, or geographic north as opposed to magnetic north.
Figure 4 is a functional block diagram of an architecture for a 3-axis
magnetometer and 3-axis gyroscope combination in accordance with yet a
further embodiment of the present invention wherein the heading is determined

with respect to true north, or geographic north as opposed to magnetic north.
15

DETAILED DESCRIPTION OF THE INVENTION

With reference to figure 1 there is shown a block diagram of the
processing modules for a combination of gyroscopic and magnetic sensors in put
to determine attitude estimates in accordance with an embodiment of the

20 invention. In general, an integrated gyro/magnetic sensor or gyro/magnetometer
are used to combine raw measurements from a 3-axis rate gyro and a 3-axis
magnetic sensor to improve the accuracy of an estimated 3-dimensional attitude
information compared to conventional magnetic compasses. Further,
embodiments of the invention reduce the size, power consumption, and cost

25 compared to conventional gyro compasses. This method and apparatus also
improves the attitude accuracy compared to previous integrated systems that

may use gyros and magnetic sensors.



creates a difference between the true north, or grid north, and the magnetic north, or direction a magnetic
compass will point. To account for the variation simply add, if Westerly, or subtract, if Easterly, the
variation angle from the corrected heading computation. The variation angles have been mapped over
the entire globe. For a given location the variation angle can be found using a geomagnetic declination
map or a GPS reading and an IGRF model (Internationgl Geomagnetic Reference Field). The heading, or
the azimuth, or the yaw angle with respect to the true north can be written as 9 H yrm = arctan y + yrv
Hx with yv representing the variation angle. Error Models of Magnetometers If the roll and pitch angles to
resolve the magdRagkanetadetenQperatienoef WMagngtigrorensass indlrgnetunstersk: fofmated
heading as Ym A¢iel,de/Geh@imgarctan Hy + fix ~v where Hx =m-x cosO+my sinOsin0+mz sin0cosO Hy
=my cos0-mz sin0 with yr representing the true value of heading, 0=0+delta O Titer=titer+delta titer
representing the estimaft®! atAsd prRENelEBeld Hiensity itk abrutllS-iey O-Rygauss @d+has a

component parallel to the earth's surface that always points toward magnetic

5 north. This is the basis for all magnetic compasses.

The 3-axis magnetometer measurement vector may be defined as

m= [mx m mz]T and the pitch and roll angles as 8 and @, respectively.

y

Denote the magnetic field intensity in the horizontal coordinate system
asH, =[H, H, H, I which can be written as

H, cos@ sinfsing sinOcosg | m,
H,=/H,|=| 0 cos¢ —sing | m,
H. —sin@ cos@sing cosdcosg | m,

m, cos@ +m, sin@sing + m, sinfcos ¢

= m,, cos ¢ —m, sin ¢

—m,sin@ +m, cos@sing +m_ cosfcosg |

The azimuth with respect to the magnetic north can be calculated by

H)’
= arctan| ——
Y H.

The earth's magnetic poles and its axis of rotation are not at the same

15 geographical location. They are about 11.5° rotation from each other. This
creates a difference between the true north, or grid north, and the magnetic
north, or direction a magnetic compass will point. To account for the variation
simply add, if Westerly, or subtract, if Easterly, the variation angle from the
corrected heading computation. The variation angles have been mapped over

20 the entire globe. For a given location the variation angle can be found using a
geomagnetic declination map or a GPS reading and an IGRF model
(International Geomagnetic Reference Field). The heading, or the azimuth, or

the yaw angle with respect to the true north can be written as



denoting the error contaminated measurements of the 3-axis magnetometer where nx, ny, and nZ
representing the corresponding measurement noises. nx, ny, and nZ can be regarded as white noises.
Using Taylor's expansion, the heading error can be approximated by 8yrm = avBB+avB0+ av 8mx+ av
&n'Y av 8mZ aB ao amx amy y am, where it has been assumed that the variation angle yrv is accurate
and can be regarded as constant. 10 HY arctanaY Hx §ao=ao=H 21+ Y H aY aHy Hx_aHx ao x ao
Hy aHYH -aHxH aoxaoyH2xHx2+Hy 2 aarctanHY allyal aa~Hx-aoY ,/Hxaoao Hx2 +HY2

a arctan Hy ally
. H,
=arctan| — |+
Y m I v,

X

with y, representing the variation angle.

Error Models of Magnetometers
If the roll and pitch angles to resolve the magnetic measurements have

5 errors, heading errors will be induced. Denote the estimated heading as

. H
W, =y +doy, = arctan[ f]y ] +y,

X

where

H,=m, cos@+m, sinfsing+m,sindcos g

A

H,=m, cos¢?—ﬁ’12 sin¢?

with y representing the true value of heading,
10 =¢+05p
6=0+350

representing the estimated roll and pitch angles, and

m.=m_+n,
my:my+ny
m,=m_+n,
denoting the error contaminated measurements of the 3-axis
15 magnetometer where ., 7, and ”. representing the corresponding

measurement noises. ", 1, , and . can be regarded as white noises.

Using Taylor’s expansion, the heading error can be approximated by

sy =Y 50+ 552V 5+ OV om, + OV s,
00 o¢p om, om,, om,

where it has been assumed that the variation angle y, is accurate and
20 can be regarded as constant.



x amx Hx amx HY amx amx Hx2 + HY2 a arctan _ Hy ally allx Hx amY x amY Y amY amY Hx2 +Hy 2
Hy aHYH -aHxH avZxamZY a| Hx)jam Z amZ Hx2 +H y 2 am Then the following equations
can be derived: aHx _a (mx cosB + my sin B sin O + mZ sin B cos 0) ao ao =-mx sin 0+
mycosBsin0+mZ cosBcos0 all ao ao (mx cosB + my sin 0 sin 0 + mZ sin 0 cos g5) =mY sin0cos0-mZ sin
0 sin 0 aHx_ a (mx cos 0+ m sin0sin0+mZsinOcosq)=cog amx amx aHx - a (mx cos 0+ m sin 0sin
0+mZ sin0cosq)=sin0sin0 amY amY 11 ally a amy amy ally = a (my cos O - mZ sin g5) =0 ao ao
describpedby41M=av80+av80O+av+--n,-n+av8m

H
ﬁ[arctan(yﬂ OH % _OH,
oy _ )] 1 00~ 09
06 06 H Y H'’
1+ —>
HX
oH
y Hx a[{x H
__o00 06
H’'+H
H
0 arctan(y %H _OH, H
oy _ )] o * op
o o H’+HS
_ Y]
0 arctan(yJ oH, H - O, .
oy | H. )| om, "~ om, '
om, m, H’ +Hy2
H, OH
0| arctan| — “H_- oH, H
oy H, om, * om,
amy - - H. +H
H
0| arctan (J OH, H — OH,
s oy | H )| om, * om,
om,_ sz +Hy2
Then the following equations can be derived:
oH, (m,cos@+m_ sin@sin @ + m_ sin 6 cos @)
= — m m m
00 06
=-m, sin@ +m, cos@sing+m_cosdcos ¢
oH
= :i(m cos@ +m, sin@sin g + m_ sin 6 cos @)
g 0¢
=m, sinfcos¢ —m_ sin@sin ¢
H
oH, =i(m cos +m, sin@sing + m, sin 0 cos p) = cos &
om_ Om_
OH
10 = :i(m cos® +m, sin@sing + m, sin 0 cos ) = sin &sin ¢

om 8m

y



allya(mycos O-mzZsing5)=0 amxamx (my cos 0-mZsin 0) =cos 0 ally = a (my cos0-mZ sin
0)=-sin0 amZ amZ Therefore, the magnetometer calculated heading error model can be Cu 09 amx amy
amZ ally aH ally H - aHx H ao Hx ao Hy -(50+- ao x ao Y 80 Hx2 + Hy2 Hx2 + Hy2 ally H - aHxH ally H -
aHx x + amx x amx Y + amy amy aHx - a ( cos B + sin B sin + sin B cos ~) - sin B cos amZ amZ ao a-
(mycos0-m.,sin0)=-mysin0-m., cos022Hx +HyHx +Hy z H aHyH aHxH Y amz x amz Y Hx2 +
Hy2 s H 2 H 2 (-mxmy sinOcosO+my2 cosOsing5cosq5+mmz cosOcosg5sing5 xy

OH
S (m,cos@+m sin@sing +m, sinfcos¢)=sinf cos¢
om_ Om, g
My 22 (m, cosg—m, sing) =0
=—(m, cos¢—m_sing)=
20 00" "
OH, ¢ , .
o6 =%(my Cos@p—m_sing)=—m, sing —m_ cos ¢
My 22, cosp—m, sing)=0
=——(m, cos¢g—m_ sing)=
om, om, ’
oH, ¢ .
5 =——(m, cos¢g —m_singp)=cos¢
om, Om,
OoH

- =i(my cos¢ —m_ sing) =—sin g
om_

om

Therefore, the magnetometer calculated heading error model can be

described by
— W 50+ Y 5p+ OV 5m_ OV om, + Y .

51//m -
00 o¢ om, om,, om,
oH H
8Hny—aHxHy any_aaxHy
—00 "~ 00 ‘s, 0 9 4
H +H, H +H,
OH oH OH OH OH oH
Yy = X Hy Y Hx _ Hy Yy Hx _ X H
om, om, om,, om,, om, om, 7
+ 2 2 + 2 2 2 2
H +H, H ™ +H, H ™ +H,
06 : 2 . :
= =—— 5 (-m,m,sinfcosg+m,” cosOsingcosg+m,m, costcosgsing
H +H
x y
+mm,sin@sing —m,m, cos@sinz¢—m22cosﬁsin¢cos¢)
op B . I TP B
+——F———[-m,m, cosfsing—m.m,_coscosg—m"ysin@—m":sind
H +H
X y

+m,m, sin@sin 2¢]

—H , cosb H, cos¢—H , sinfsing

H, sing+ H , sinfcos¢
n, + -

n

n z

2 2 y 2 2
H +H, H +H,

- 2 2
H, +Hy
10



+mxmZ sin0sin0-mymZ cos0sin2 g5-mZ2 cos 0 sin 0 cos 0) + 280 2 [-mxmy cosOsing5-mxmZ
cosOcosqg5-m2y sing-m2z sing Hx +Hy +mymZ sin0sin20] - Hy cos 0 Hx cos 0 - Hy sin 0 sin O Hx sin O +
Hy sin0cos0-nx +n-nZ Hx2 + Hy2 Hx2 + Hy2 Y Hx2 + Hy2 2 2 12 From HZ =-mx sin 0+ m
cos0sin0+m, cos 0 cos 0, the error model for the vertical magnetic field intensity can be written as gH
_aHzB0+aHZBB+aHZBm +aHZBm +aHZBrn z ao as ggpx xamyyam,z =(my cos 0 cos 0 - mZ cos O
sin 0) 80 -(mx cos 0+ m sin0sin0+m, sin0cos0)(50 -sin B(5mx +cosBsin08my +cosBcos08n Attitude
Estimation by Gyros When using gyro measurements to estimate the attitude information, the attitude
can be represented byfdR&of4) direction Eosimecntdirin ob) Bukes Aisghes; Hivl efrguaredsibferthe
direction cosine matrix representation is used hereafter tg illustrate the present invention. Denote the
direction cosineREFR! MAFTIRIDBRY! BRI EFFRRT YIRS @81 horizontal reference frame as Cnb =
C21 C31C12

oH, = o, 0P + o, 00 + oH, om, + OH, om, + oH,
o¢ 00 m, om,, om,

= (m,, cosfcos¢ —m, cos@sing) - o

—(m, cos@+m,sin@sing+m,sinbcosg)-50

om

z

—sin@-dm, +cosfsing-om, +cosfcosg-om,

Attitude Estimation by Gyros
5 When using gyro measurements to estimate the attitude information, the

attitude can be represented by one of
a) direction cosine matrix;
b) Euler angles; and
c) Quaternion.

10 The direction cosine matrix representation is used hereafter to illustrate

the present invention.

Denote the direction cosine matrix from the body coordinate frame to the
1 G2 G3
horizontal reference frame as C, =|c¢,; ¢,, ¢,;| and the gyro measurement
G311 G C33
vector as @,. Denote the rotation rate of this horizontal reference frame with
15 respect to the inertial frame that is a stationary frame in space expressed in the

horizontal reference frame as ®,,. Then the attitude can be updated using the

following equation:

Cp = Gy, ~Q;,Cy



C22 C32 C13 C23 and the gyro measurement C33 vector as whib . Denote the rotation rate of this
horizontal reference frame with respect to the inertial frame that is a stationary frame in space expressed
in the horizontal reference frame as win . Then the attitude can be updated using the following equation:
Cb=cc-cc ibin 13 where 1 b and 1 in are the skew symmetric matrices of wib and win , respectively.
The skew symmetric matrix is such defined that 0 Wbz43-0) b YO0)b Y - Cob X 0 Error Model of Gyros
When the attitude is expressed by direction cosine matrix Cb , the attitude error can be denoted by an
error angle vector 7 = [8a 8/3 8y]|T , such that the estimated direction cosine matrix may be expressed by
Cb =(I-[-yx])Cnb Where/\{m}eei@:f.’§ tartte Qkevarey e esken ayimoietectongtricde gﬁr@étt'mnde @stimation

error model is then given by Y-= -Wnin xY- - Cb 6C-0-,b .
respectively. The skew symmetric matrix is such defined that

0 —a)f a)i’
be = a)f 0 —a)f:
—a)ﬁ w’ 0
Error Model of Gyros
5 When the attitude is expressed by direction cosine matrix C;', the attitude

error can be denoted by an error angle vector y =[da 8 67]", such that the

estimated direction cosine matrix may be expressed by
Cr = -[wx)C;
where [ x] refers to the skew symmetric matrix of vectory .
10 The gyro attitude estimation error model is then given by
W =@, x¥ - C} 5,

where Jw;, denotes the gyro measurement error vector.

Relationship between W and Euler Angle Errors

15 To integrate the magnetometer and gyro information, it is essential to find
the relationship between the Euler angle error vector [5¢ 56 dy]" and the vector
w . Note that the two angle vectors are different. In fact, expressing the direction
cosine matrix in terms of Euler angles, we have

cosfdcosy —cosgsiny +singsinfdcosy  singsiny + cosg@siné cosy

C, =|cosf@siny  cosgcosy +singsinfdsiny  —singcosy +cos@sindsiny
—siné sin ¢ cos & cos¢gcosd
= f(¢,0,y)

20 and the estimated direction cosine matrix may be written as



where 8wib denotes the gyro measurement error vector. Relationship between V and Euler Angle Errors
To integrate the magnetometer and gyro information, it is essential to find the relationship between the
Euler angle error vector [80 8B 8V]T and the vector V. Note that the two angle vectors are different. In
fact, expressing the direction cosine matrix in terms of Euler angles, we have cosOcosyr
-cosOsinw+sinOsinOcosw sinOsinw+cos0sin0Ocosw Chz cos Bsinyi cosOcosV+sin0sinBsinw
-sin0cosV+cos0sinBsinV -sing sinOcosB cosOcosB =f (0, 0,1V) and the estimated direction cosine matrix
may be written as 14 Cb =f(0,0,) rCOS B COS 1~ cos B sinyr -sing C11 C21 C31 C12 C13 C22 C23
C32 C33 The estimated’ Exlef(@nglgs) may be derived by 0 = arctan C32 F33 8 = -arcsin(C31) V = arctan

sin 0 sin yr + cos 0 sin 0 cos yr = sin Q cos X/ + c0s.0 sin @sinyr1sy-8f3C611 _ -
cosf cosyy —coOs¢gsiny +sing siné cos sing siny + cos¢@ sind cosy
=|cos@sinyy cosgcosy +singsin@singy  —singd cosiy +cos¢ sin b sin 7

—sind sin ¢ cos @ cos¢ cos@
i1 . O3
=[€xn € Cp3

C31 C3p C33

The estimated Euler angles may be derived by

~ C.

¢ = arctan{%)
C33

6 = —arcsin(Z,)

A~ Ezl
Y = arctan| ——

€l

1 Sy —flen cn e
5 From C)=(I-yx)C, =|-5y 1 oa ||c, ¢y €| it can be
o —oda 1 Jc3 ¢y oy

derived that

¢, =¢; — €508 + ¢, 6y
Cy =€y + 0500 = ¢, Oy
Cy =€y —Cy 00 +¢,,0f
Cyy =€y —Cpoa + ¢,

Cyy =Cy3 —Cp30a + ;0

The relationship between the Euler angle errors and the error angle vector
v is derived below:

. C- Cy + 300 — €0
V= arctan[%} = arctan( 2l 31 o7 j
S €y — 3108 + ¢y 0

=y +0y = arctan[@J + oy

1



From Cb = (1 - y/X)Cb =-97 1 8a C21 8f3 - 8a 1 C31 derived that an =c11 -C318/ +C21UY
C21=C21+C318a-C118y C31 = C31 -C218a+C118/ C32 = C32 - Czz8a + C1286 C12 C22 cos 0 cos B
C13 C23 C32 C33itcan be C33 = C33 - C238a + C138F' The relationship between the Euler angle
errors and the error angle vector yr is derived below: yr=arctan - cos 0 sin y/+sing5 sing Cosy/ cos g5
cos y/ +sin g5 sin B siny/ sin 0 cos 0 c21 = arctan C2}5 C318a - C1 A7 C11 cll - C3146 + C21(57
=,v+8V = arctan CIl \ C21 + 8V 15 Introduce the symbol & such that 021 + c318a - c11Uy C21 C11C318a

+c21C3143 - (c112 + ¢c212 )U7 9t
Introduce the symbol ot such that

2 2
_Cy Tt c3,0a — ¢, 0y Gy C),C30a + €y 5 0 — () +¢y,7 )0y
¢ —Cc30B +c, 0y ¢y e (e — 508 +¢,,07)

ot

Then, equation (1) can be written as

. C, Cyy + €300 — €O
V= arctan(%} = arctan( 21~ 31 o7 J
i €11 = 3108 + €0

=y +oy = arctan(i + 51‘)

Ci1

~ arctan| 22 |+ iarctan(x) - Ot
) ox x=221
c11
1
=y + 5Ot
1+ [CZIJ
S
5 Therefore, we have
Sy = 1 5t = 1 _ C11C31 00 + ¢330 = (¢yy” +¢5,")Sy

1+[C21j2 1+[C21j2 ey (¢ — 3,08 +¢,,07)

i Ci

Assume that oa, of, and oy are small angles, the above equation can

be approximated by

Sy = 1 o~ 1 . 0110315a+0216315ﬂ2_ (cn2 +0212)57’
1+ (Cﬂj 1+ (Cﬂj ‘i
Cn Cn
_ 211031 S + 0221031 3B -5y
¢ T 6y ¢t 6y
10 The relationship between the pitch estimate & = —arcsin(c;;) and y are

derived below.



cll - C318F3 + C2115y C11 C11 (c11 - C3146 + c21Uy) Then, equation (1) can be written as yr = arctan
c21 + c31(5a - c118y CI |- c31sfl + c21sy = +8V = arctan 021+fSt c11 arctan X21 + a arctan(x) C11 ax
c21 = arctan all =y/+- 1+ Therefore, we have 1 st=11C21 C112 1 1+ fSt8tcllc319a+c21c315F3
-(c112 +c212)U7 c11 (c11 - c318/ + c21Uy) Assume that 8a, 8f3, and 97 are small angles, the above
equation can be approximated by 8yr=12 8t 1+ 021 16

6 = —arcsin(c;,) = 0 + 66 = —arcsin(cy, — ¢y, 00 + ¢,,08)
= —arcsin(cy; + o)
where
ot =—c,, 00 + ¢, 0

The pitch angle estimate can be further expressed as

A

0 =0+ 00 = —arcsin(cy,) — iarcsin()c) - Ot
ox x=c3]

5
X= 03]
(—cy10a +¢,0P)
1—¢y
Therefore, we have
00 = ———=" (- 0 +¢,,0p)
1- C31
Ch
op
C31 \/I
The relationship between the roll angle estimate ¢ = arctan[iﬁJ and 7 is
C33
derived below.
¢? = ¢ + 5¢ = aI’Ctan(iﬁ] = arctan[ C3 — 0225a + C]z&ﬂj
10 C33 33— 02350( + 0135ﬂ

c
= arctan| =2 + &t
C33

where



0111 1+ cllc31Ua + c21c318F3 - (c112 + 0212 )U7 C11 C11C31sa+021031UU 2222~y Cl1+
C21 C11 + C21 2 The relationship between the pitch estimate d = -aresin(c31) and 7 are derived below.
16 B = - aresin(c31) = 0 + 80 = - aresin(c31- c21(5a + c118l) _ -aresin(C31 + 8t) where
8t=-c218a+c118/3 The pitch angle estimate can be further expressed as a 1 =0- 2 (-c218a+c118M) FlI-
C31 Therefore, we have The relationship between the rgft angle estimate = arctan c32 and 7is C330=0
+60 = -aresin(c31) aresin(x) ax =0- 1 8t x2 1 - x=c31 x=c31

Cyp —Cp0a +c,0p _S%n _ (€363 = €5C33)0a + (€355 — €13¢3,)OP
Cyy —Cpba+ 300 ey C33(C33 — Cp30a + ¢36f3)

ot =

Similar to the derivation of the relationship between odwand w, the

relationship between d¢ and y is given as below:

_ Cp3C3 = CyCay CpC33 —C13C3;
op = > > oo + 5 > op
Cy Ty Cy +Cy
5 The matrix form of the relationship between Euler angle errors and y is
given by
C23C3 —CnCy3  CpCi3 — (1365 0
2 2 2 2 _
op Gy tCy Gy tCy Sa
c c =
00 | = = > - = 2 0 5ﬁ = Cgulerl//
51// \[1—6’31 '\[1_031 5]/
€161 €163 _1 B
2 2 2 2
G T6y G T6y i

Having provided the relevant background, particular embodiments of the
invention may now be described in sufficient detail to enable a person of average
10 skill in the art to perform the invention.
With particular reference to figure 1, a gyro signal processing module11,
which uses the 3-axis gyro measurements of a gyroscope measurement module

10 (which may comprise one or more individual gyroscopes) to generate its

relative rotation angles with respect to the reference frame, ¢,6,17, with ¢

15 representing the roll angle estimate, 6 the pitch angle estimate, and y the yaw
angle estimate.

A magnetic signal processing module 21, which uses the magnetic

measurements from the 3-axis magnetometer 20 and the pitch and roll angles

generated by the gyro signal processing module 11 to calculate the yaw angle

20 y, and the vertical magnetic field intensity A _ .



80=-1 (-c218a+c118/3) 21-C31C218a-C118/3 1 C311-C31 22 derived below. 0~=0+80=arctan
= arctan C32 - arctan F33 C32 1+8t C33 ¢32 -c228a+c128/3 C33 - C238a + C138/3 where 17 C32 -
C228a + C128/ C32 (C23C32 - C22C33)8a + (C12C33 - C13C32)8f 9t = C33 - C238a + C138/ C33 C33
(C33 - C23 8a + C13(W) Similar to the derivation of the relationship between 8vand V, the relationship
between 8o and 7 is given as below: 8 = C23C32 - C22383 8a + C12C33-C13C328 T2222C32 +
C33 C32 + C33 The matrix form of the relationship between Euler angle errors and 7 is given by 80 80 =

Syr C23C32 - C22C33 C12C33 - C13C32
A sensor fusion filter 40, which may be a Kalman filter, or information filter,

estimates the errors in the rotation angles generated by the gyro signal
processing module 11 to compensate the system output, and can also estimate
the gyro drift, scale factors, as well as other gyro error parameters for sensor
5 measurement calibration. The dynamic model for the sensor fusion filter may
comprise a state-space equation and a measurement equation. The state-space
equation may be based on the gyro error model where the state vector
comprises at least a roll angle error, a pitch angle error, a heading angle error
and it may further contain error parameters of gyro measurements. The
10 measurement equation may be based on the magnetometer error model where
the measurement vector comprises two elements: one is the difference between
the gyro estimated heading and the magnetometer calculated heading, and the
other is the difference between the estimated true vertical magnetic field intensity
and the estimated vertical magnetic field intensity generated by the magnetic

15 signal processing module 21.
An initialization module 30, which provides the initial attitude of the system
to the gyro signal processing module 11, the initial states and covariance matrix
to the sensor fusion filter 40, and the estimated true value of the vertical

magnetic field intensity, H _,, to compare with the vertical magnetic field intensity

20 generated by the magnetic signal processing module 21, Hm

In the sensor fusion filter 40, usually an (extended) Kalman filter or an
information filter, besides angular errors, the states can also include gyro 10 error
parameters such as drifts, scale factors, and so on, and some magnetic sensors
20 compensation parameters. Once the sensor fusion filter 40 has estimated

25 these parameters, they can be used to compensate or calibrate the gyro 10 and
magnetic sensors 20.

Using the feature of involving the vertical magnetic field estimate, will

improve the accuracy of the rotation angle estimates.

With reference to Figure 2 a block diagram of one embodiment of the



08a8/CE.leri 8y2222 C32+C33C32+C33C21C111-C3121-C312C11C31C21C3112222
C11 + C21 C11 + C21 0 Having provided the relevant background, particular embodiments of the
invention may now be described in sufficient detail to enable a person of average skill in the art to
perform the invention. With particular reference to figure 1, a gyro signal processing module 11, which
uses the 3-axis gyro measurements of a gyroscope meagurement module 10 (which may comprise one
or more individual gyroscopes) to generate its relative rotation angles with respect to the reference
frame, 0,0,/, with O representing the roll angle estimate, B the pitch angle estimate, and the yaw angle
estimate. A magiieseRighrdlipiersienal aﬁ&@h@ 2PPAFAEISU e SV dhREEROTARG URPN BREWBR the
3-axis magnetoianza ﬁagr@qpitch and roll angles generated by the gyro signal processing module 11
to calculate the yaw angle "Ym and the vertical magnetic field intensity &m 18 A sensor fusion filter 40,
which may be a Kalmah'Wt&Veiahfarnataiviitty0 afifigHes theands inauahiytatividemdgris fbserated
by the gyro sigr\%l”@xmngﬁw[gggjule 11 to compensate the system output, and can also estimate the
gyro drift, scale factors, as well as other gyro error parameters for sensor measurement calibration. The
dynamic model for the RerfS¥FusiShsfer Magule mdtle aWtish-<pareratRfatiéAan@ROWeasURifent

equation. The siaie;80AGRents. The gyros may be either analog or digital sensors.

A Magnetic sensor module 220, which generate 3-dimensional magnetic
measurements of the earth’s magnetic field. It also may be comprised of either
analog or digital components.

10 A gyro pre-processing module 211, which contains the circuits if
necessary to pre-process the raw gyro measurements. For example, if the gyros
are analog gyros, the gyro pre-processing module 211 may contain amplifiers,
filters, A/D converters to transform the gyro raw signals to a digital signal.

A magnetic signal pre-processing module 221, which transforms the raw

15 measurements of the magnetic sensor module 220 if necessary to a signal
appropriate for the subsequent processing.

An initialization sensor module 200, which contains some sensors and
circuits to generate necessary information for the processor to implement
initialization for the gyro attitude computation module and the sensor fusion filter

20 40. Initialization is to estimate the initial attitude of the system before normal
operation. Different applications may use different initialization methods. For
example, in some applications, the system may always be leveling at the
beginning. In such cases, no external sensors are needed. In that case, the
initialization is realized by assuming that the pitch and roll angles are zero, and

25 the yaw angle is obtained through the magnetic sensors. In other circumstances,
other sensors are used to obtain the initial pitch and roll angles. Fortunately, in
most applications, the system is initially stationary or moving slowly. Then tilt
sensors may be used to obtain the initial pitch and roll. The tilt sensors may be

electrolyte tilt sensors or accelerometers. The initial module may even be a user



equation may be based on the gyro error model where the state vector comprises at least a roll angle
error, a pitch angle error, a heading angle error and it may further contain error parameters of gyro
measurements. The measurement equation may be based on the magnetometer error model where the
measurement vector comprises two elements: one is the difference between the gyro estimated heading
and the magnetometer calculated heading, and the othgy is the difference between the estimated true
vertical magnetic field intensity and the estimated vertical magnetic field intensity generated by the
magnetic signal processing module 21. An initialization module 30, which provides the initial attitude of

the system to tHQjAsSigind Weotistisgupedareerteral inkfkirsiade Haneviaihentutiplaatitudase

sensor fusion filigrAQ, AR, e Sstiraigd true value of the vertical magnetic field intensity, H.,0, to
compare with the vertical magnetic field intensity generated by the maf%net_ic signal proces_sin? module
21, Am . In the sensor fuBiQs$Rer1830 008 aHatsbRIBPKagRRIR IRt ABItdde iARMHA ARINAIBE: besides

angular errors, 2 SRiRMEAR MeadiudpENRHRATARRRARSIAE FHERSE IHBSimpRIS @Ol and so

on, and some magnetic sensors 20 compensation parameters. Once the sensor fusion filter 40 has

estimated theseSERRRhARRbiIPRYOMAIBENtbESIPLortHShONE dP digivratd tngyie UeRRERtEEhRetic

sensors 20. Usiggithafsatrsiebnyeiiaihe yeisahmasetic field estimate, will improve the accuracy
of the rotation angle estimates. With reference to Fi%ure 2 a block diagram of one embodiment of the 19

present 3-dimensional At#$Rfe BERERERINELHEWACAC Y PITALFRIIRESRS RMPE BRI G FigitR e dThe
overall apparatyg @R AEfighaacen ks Chaty diviged R0 Histe felowiag s8othEe St dir HSBRSOT

module 210, which generates raw angular rate measurements. The gyros may be either analog or digital
sensors. A MagRef¥&RBHY module 220, which generate 3-dimensional magnetic measurements of the

earth's magpetic field. i pls@Epaydure PPIisemiehedRRlides appropriate power supplies to each
sensor, circuit, and processor.
A clock module 202, which provides necessary time references to the
sensors, processor, and the user interface module.
The embodiment shown in figure 2 of the apparatus is simple to fabricate.
15 If using MEMS gyros, a compact, accurate, while low cost embedded 3-
dimensional attitude sensor may be developed for a wide range of applications.
The following is a non-exhaustive list of applications, whether the invention is
fabricated, preferably, in MEMS form or otherwise:
1. Navigation systems such as those for airplanes, unmanned
20 aerial vehicles, land vehicles, robots, ships, underwater vehicles, and
other navigation systems that need to generate attitude information of the
carriers.
2. Virtual reality systems where the 3-dimensional attitude
information of the human being or other objects is needed.
25 3. Autonomous aiming systems for various artillery systems.
4. Autonomous aiming systems for onboard cameras.
In the above descriptions of the present invention, the heading is referred
to with respect to magnetic north. If the heading is required to be with respect to

true north, or geographic north, then an additional Magnetic Field Variation Angle



analog or digital components. A gyro pre-processing module 211, which contains the circuits if necessary
to pre-process the raw gyro measurements. For example, if the gyros are analog gyros, the gyro
pre-processing module 211 may contain amplifiers, filters, A/D converters to transform the gyro raw
signals to a digital signal. A magnetic signal pre-processing module 221, which transforms the raw
measurements of the magnetic sensor module 220 if necgssary to a signal appropriate for the
subsequent processing. An initialization sensor module 200, which contains some sensors and circuits to
generate necessary information for the processor to implement initialization for the gyro attitude
computation mddBREEHTHBEHSORTRYIBE fREFerD InRIAVEah e RPAsaRtGBaide AR RRIARMT the

system before npffaah gRGIE ey DEbRHBRSBPBIRRICA SyBaM HgRIHeaeRiHutiBI AP, neptaodspEor

example, in some applications, the system may always be leveling at the_beginning. In such cases, no
external sensoréesRiREedBd] iRhafMade!, thaematinralicreoreagnetibyede(rhrR) figldhe ph¥® and roll

angles are zerogsiéhe Sl aslEd AP GRGM I wiglyehs ErRORRISEANTELpEOIp! Ciroumstances,

other sensors are used to obtain the initial pitch and roll angles. Fortunately, in most applications, the
system is inftially statidNar"6EHBSiN N THENEE sbrffiftsayendivesd fRferaase titIiARMIPitch and

roll. The tilt Se“%@ﬁéﬁﬁdrﬁﬁn%t’&tfﬁ’é’%é@@@ﬁﬁfFi@b?@cﬂ%ﬁmﬁtﬁ_ﬁ/eTQﬁ_iﬁ@ﬁii&é@qu}%ﬁ%\(eﬁ%@h be a
user 20 interface module for the user or external systems to transmit the initial attitudes to this attitude

apparatus. A préétsios a90ition L aReelhe YWMLHRIneraid awtatis angerakiiarachied hiagresic
heading, the vetjigalqupgaggedirldijntensity, to implement the sensor combination algorithms 50 as
shown in figure 1, and to generate the estimated 3-dimensional attitude information. A user interface

module 203, which coripfid@4r8pprdpRatdRiLAE Bisu MrEBRIS HiverYaEgtoR fsteuSsR At Uble to
access the itityHg RIPEB TR YEAI R tHe RABGHhEBeATIS D P rubiEs I RS LAP BIPPIRIQRAVIRE Supplies

to each Magnetic Signal Processing module 321 may output a heading estimate with
respect to true north. The initial heading estimate from the Initialization module

330 is also with respect to true north.
In Figure 4, the heading estimates in all the other modules are with

15 respect to magnetic north, and the output of the Magnetic Field Variation Angle
Generator module 460 is used to correct the heading estimate after the sensor
fusion process.

While this invention has been described in connection with specific
embodiments thereof, it will be understood that it is capable of further

20 modification(s). This application is intended to cover any variations uses or
adaptations of the invention following in general, the principles of the invention
and including such departures from the present disclosure as come within known
or customary practice within the art to which the invention pertains and as may
be applied to the essential features hereinbefore set forth.

25 As the present invention may be embodied in several forms without
departing from the spirit of the essential characteristics of the invention, it should
be understood that the above described embodiments are not to limit the present
invention unless otherwise specified, but rather should be construed broadly

within the spirit and scope of the invention as defined in the appended claims.



sensor, circuit, and processor. A clock module 202, which provides necessary time references to the
sensors, processor, and the user interface module. The embodiment shown in figure 2 of the apparatus is
simple to fabricate. If using MEMS gyros, a compact, accurate, while low cost embedded 3- dimensional
attitude sensor may be developed for a wide range of applications. The following is a non-exhaustive list
of applications, whether the invention is fabricated, preferably, in MEMS form or otherwise: 1. Navigation
systems such as those for airplanes, unmanned aerial vehicles, land vehicles, robots, ships, underwater
vehicles, and other navigation systems that need to generate attitude information of the carriers. 2.

Virtual reality sy¢@iiagsvidifiratnamaiksieadivalfiidamaRaenens drendrnAsA teikg sidudedobjects
is needed. 3. AYARMMABSSRIFNR§YSTEPE SPHVATIHS RO N PYRisERIed: AMRBOMARPASRING By Stems

for onboard cameras. In the above descriptions of the present invention, the heading is referred to with

respect to magrfRRCHs@MpadimeRigiriadelpiredesiroditn Respstistiveiohibienmanyasgyaphic north,
then an additionghMraRAgtis fHsilecBrERe Aratier iiveREERIPhAYOEEIBAGICRE adHaHdoRIsW the

magnetic field variation angle. This module may comprise either a geomagnetic declination map, or a
GPS receiver aflalRF rﬂlﬁﬁ!?THfB?nM‘&FG@dﬁHﬁ@ﬁetﬁf@e%@ﬂ&q:ié%).C‘PWH dffedHfeHpAFaches

are shown in Figineodramg Figerachinarasiven AhdordilenRh RO EEEIvASK: 258198

reference numerals corresponding to the modules of Figure 1, which have an identical function and with

the addition of CRHIRANIETHCRIER A BATIREaPIIRL PO g aRSS & SHEW, RApATNE. In
Figure 3, the ouifcathe tintsial WaratonANgimGi8)S atosy meRRle 36RadedintadharMagnetic

Signal Processing module 321 so that the Magnetic Signal Processing module 321 may output a heading

estimate with rd&pREeR RAISHRES e WRRTIRS AR EMINPATR IRy thoHRRiSHHG Eigecure

10 wooden parts together, in the environment of fastening wooden parts, a nail and
a screw are equivalent structures.

“Comprises/comprising” when used in this specification is taken to specify

the presence of stated features, integers, steps or components but does not

preclude the presence or addition of one or more other features, integers, steps,

15 components or groups thereof.”



330 is also with respect to true north. In Figure 4, the heading estimates in all the other modules are with
respect to magnetic north, and the output of the Magnetic Field Variation Angle Generator module 460 is
used to correct the heading estimate after the sensor fusion process. While this invention has been
described in connection with specific embodiments thereof, it will be understood that it is capable of
further modification(s). This application is intended to cgyer any variations uses or adaptations of the
invention following in general, the principles of the invention and including such departures from the
present disclosure as come within known or customary practice within the art to which the invention
pertains and as may. be applied to the essential features hereinbefore set forth. As the present invention
may be embodigd'fgly@eral forms without departing from the spirit of the essential characteristics of the

invention, it shoulc, be4inders{oniéiigy (Be doRYmARRGTT SSMAR BeRI AIEnalo AERpdae gresent

invention unless_otherwise specified, but rather should be construed broadly within the spirit and scope of
the invention asfiefnedarenne ffeadieipainooompritisdribaifter® s and equivalent arrangements

are intended to be inclyded Ay SR ARICABABHEIRJWE NN ANGiRRAPSRERA &aiiste! herefore,

the specific embodiments are t0 be Understood to be illustrafive of the many ways’in which the principles
of the preseht ifPdrarsIeREfiDE@s At edyaw tAedis efintpisairas) Meassemenis of GhaIERRREDiGe
intended to COVREALHF MRS performing the defined function and not only structural equivalents, but
also equivalent structures. For example, although a nail and a screw may not be structural equivalents in
that a nail employs a coataHietngurrarating estinaisotiempdats t6getPEs NghBIeasWeBRWSe/ioys a

helical surface tﬁ]é?ﬁ%ﬁ%"%@ﬂgép PRIRLCHTINENe IBitDF SRYITBNTERGICEEARRINY JépRisRaAiSRnall and

a screw are equivalent structures. "Comprises/comprising” when used in this specification is’taken to
specify the pre§¥fiescopi¢sienIeamfaSnafbrs, steps or components but does not preclude the

presence ofaddition ofgff HiRRCER LIS IR RS IIEIRISySRPSted angle estimates from data
comprising:

a) a difference of the calculated heading estimate based on the
measurements of the magnetic sensor means and the heading estimate based
on the measurements of the gyroscopic sensor means, and;

15 b) a difference of an estimate of the vertical magnetic field intensity based
on measurements of the magnetic sensor means and an estimated true vertical

magnetic field intensity

2. A method as claimed in claim 1 wherein the estimated true vertical

20 magnetic field intensity is derived from an initialization module.

3. A method as claimed in claim 1 or 2 wherein the step of estimating
further comprises estimating signal parameters of the calculated heading
estimate.

25

4. A method as claimed in any one of claims 1 to 3 further comprising
the step of compensating one or more of:

a) the generated angle estimates and;

b) the calculated heading estimate



components or groups thereof." 23 CLAIMS 1. A method of determining an estimate of attitude with
respect to a fixed reference frame, the method comprising the steps of: generating angle estimates
comprising at least a pitch angle estimate, a roll angle estimate and a yaw angle estimate from
measurements of a gyroscopic sensor means; calculating a heading estimate from data comprising
measurements of a magnetic sensor means and the piggh and roll angle estimates generated by the
gyroscopic sensor means, and; estimating signal parameters of the generated angle estimates from data
comprising: a) a difference of the calculated heading estimate based on the measurements of the
magnetic sensor mean¥iihthehestieaeling senaRaiaameetersn the measurements of the gyroscopic sensor
means, and; b) a difference of an estimate of the vertical magnetic field intensity based on

measurements of the magnetic sensor means and an estimated true vertical magnetic field intensity 2. A
method as claimed in &aim 1AviBesNethassedigied tieamrteaentighldidsield iAtchuyaseirtied from

an initialization mHiacd AIRMOPAE FlaiBred BLARIARA ObRNhemBHRaSHeRTASlRating dysther

comprises estimating signal parameters of the calculated heading estimate. 4. A method as claimed in
any one of clainfReR&FERIARIS EMpARM PAFRSSRICOBENSReMaang Gl ofRoreasnalGhacs9erated

angle estimatesggghdd) the calculated heading estimate 24 with the estimated signal parameters. 5. A

method as claimed in any one of claims 1 to 4 wherein the

6. A method as claimed in any one of claims 1 to 5 wherein the
generated angle estimates comprise a roll angle estimate, a pitch angle estimate

10 and a yaw angle estimate.

7. A method as claimed in any one of claims 1 to 6 wherein the
calculated heading estimate comprises a calculated yaw angle based on the

measurements from the magnetic sensor means.

15
8. A method as claimed in any one of claims 1 to 7 wherein the step of
estimating comprises performing one of:
a) a Kalman filter operation and;
b) an information filter operation;

20 on a numerical difference signal of the calculated heading estimate based
on the measurements from the magnetic sensor means and the generated
heading estimate based on the measurements from the gyroscopic sensor
means.

25 9. A method as claimed in any one of claims 1 to 8 wherein the

calculated heading estimate comprises one or more of an azimuth estimate, and

a yaw angle estimate.



estimated signal parameters comprise error parameter estimates of the measurements from the
gyroscopic sensor means and the magnetic sensor means. 6. A method as claimed in any one of claims
1 to 5 wherein the generated angle estimates comprise a roll angle estimate, a pitch angle estimate and
a yaw angle estimate. 7. A method as claimed in any one of claims 1 to 6 wherein the calculated heading
estimate comprises a calculated yaw angle based on thgs measurements from the magnetic sensor
means. 8. A method as claimed in any one of claims 1 to 7 wherein the step of estimating comprises
performing one of: a) a Kalman filter operation and; b) an information filter operation; on a numerical

difference signal of thel€alculAiRpRatisingapipatdDadeterstinhe aAfeLelialathtofraithdem xgHetic
sensor means ad {Retaeneried rorree Riimaie Hassshariie ReRRHFgMents from the gyroscopic

sensor means. 9. A method as claimed in any one of claims 1 to 8 wherein the calculated heading
estimate comprises onR'BFASSRE AIANEAdaRiessiPrRReraltinaRaR dRGeEYith adredeterminestatus
adapted to detefaipgcapeemate of attitude with respect to a fixed reference frame, said apparatus
including: processor means adapted to operate in accordance with a predetermined instruction set, said

apparatus, it conjunctitfiGvARRatHRtI0cEBN YRelinsi Y tRdspit Ingfrveliritrahdsibthadartetitfed in
any one of claine e rARRBERYSASHBIME%Hy SABLLAMResainghe gyroscopic means comprises

a 3-axis gyroscope. 12. Apparatus as claimed in claim 10 or 11 wherein the magnetic

11.  Apparatus as claimed in claim 10 wherein the gyroscopic means

comprises a 3-axis gyroscope.

10

12.  Apparatus as claimed in claim 10 or 11 wherein the magnetic
sensor means comprises a 3-axis magnetometer.

13.  Apparatus as claimed in any one of claims 10 to 12 comprising one

15 of:

a) a Kalman filter and;

b) an information filter

for estimating the signal parameters.

20 14. A computer program product including:

a computer usable medium having computer readable program code and
computer readable system code embodied on said medium for determining an
estimate of attitude with respect to a fixed reference frame within a data
processing system, said computer program product including:

25 computer readable code within said computer usable medium for

performing the method of any one of claims 1 to 9.

14. A method as herein described.



sensor means comprises a 3-axis magnetometer. 13. Apparatus as claimed in any one of claims 10 to 12
comprising one of: a) a Kalman filter and; b) an information filter for estimating the signal parameters. 14.
A computer program product including: a computer usable medium having computer readable program
code and computer readable system code embodied on said medium for determining an estimate of
attitude with respect to a fixed reference frame within a gigita processing system, said computer program
product including: computer readable code within said computer usable medium for performing the

method of any one of claims 1 to 9. 14. A method as herein described. 26 15. An apparatus as herein
described. 15.  An apparatus as herein described.





